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Genes of the major histocompatibility complex (MHC) that underlie the adaptive immune system may
allow vertebrates to recognize their kin. True kin-recognition genes should produce signalling products
to which organisms can respond. Allelic variation in the peptide-binding region (PBR) of MHC mol-
ecules determines the pool of peptides that can be presented to trigger an immune response. To
examine whether these MHC peptides also might underlie assessments of genetic similarity, we tested
whether Xenopus laevis tadpoles socially discriminate between pairs of siblings with which they differed
in PBR amino acid sequences. We found that tadpoles (four sibships, n = 854) associated preferentially
with siblings with which they were more similar in PBR amino acid sequence. Moreover, the strength of
their preference for a conspecific was directly proportional to the sequence similarity between them. Dis-
crimination was graded, and correlated more closely with functional sequence differences encoded by
MHC class I and class II alleles than with numbers of shared haplotypes. Our results thus suggest that
haplotype analyses may fail to reveal fine-scale behavioural responses to divergence in functionally
expressed sequences. We conclude that MHC—-PBR gene products mediate quantitative social assessment
of immunogenetic similarity that may facilitate kin recognition in vertebrates.
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1. INTRODUCTION

Recognition mechanisms enable individuals to maintain
their organismic integrity in the face of parasites, pathogens
and competitors that might exploit them [1]. Beyond that,
inclusive fitness should be maximized by recognition of
genetic similarity [2], possibly facilitated by special kin-rec-
ognition genes [3,4]. Some behaviours directly covary with
genetic relatedness [5], and putative kin-recognition genes
have been identified [6—11]. If such genes function to
enable organisms to recognize kin, we expect to find that
social behaviours, where discrimination is adaptive, vary
in direct response to the signalling products of these
genes [12]. Here, we demonstrate that major histocom-
patibility complex (MHC)-based social preferences are
mediated by signals that directly correlate with amino
acid sequence similarity in the peptide-binding region
(PBR) of MHC molecules.

Susceptibility to pathogens varies by individuals’
MHC types [13-19]. MHC-PBR differences determine
the binding affinity of MHC molecules to self-peptides and
pathogen epitopes [20]. The pool of peptide ligands cleaved
by MHC molecules reflects structural properties of the pep-
tide-binding groove that are determined by the PBR amino
acid sequence. Discrimination thresholds based on MHC—
PBR amino acid sequence similarity have been documented
in mammals [21], birds [22] and fishes [23-26]. This
suggests that peptides restricted by the peptide-binding

* Author for correspondence (waldman@snu.ac.kr).

Received 8 June 2012
Accepted 10 August 2012

groove of MHC molecules directly or indirectly generate
social recognition signals. Indeed, specific subsets of sensory
neurons in the vomeronasal organ [27,28] and main olfac-
tory epithelium [29] may detect and discern MHC
genotype-specific pools of these peptides.

As highlighted in recent reviews [30—-33], recogni-
tion systems that are encoded by special kin-recognition
genes may not be evolutionarily stable. Recognition sys-
tems based on single genetic markers may lead
individuals to falsely recognize non-kin with which they
share alleles and to fail to recognize kin that bear different
alleles [2,32,33]. Moreover, single-locus recognition sys-
tems should favour cooperation among conspecifics
bearing common alleles, thereby limiting the diversifying
selection required to maintain variation in markers
[30,34]. Conversely, rare markers may become associated
with higher levels of altruism in populations with low gen-
etic recombination and dispersal rates [3,30,31]. However,
the composition of an individual’s pool of MHC-peptide
ligands is shaped not only by its MHC type, but also by
variation elsewhere in its genome [35]. Therefore, MHC-
based recognition systems should be stable if the mediating
social signals are composed of diverse MHC-peptide
ligands, influenced by both MHC-type and genome-wide
variation. In populations with low background genetic vari-
ation, such recognition systems should be sensitive in a
quantitative manner to amino acid sequence variation in
the PBR of MHC molecules.

Kin association is common in amphibian larvae
[36—39] and may be based on recognition of MHC
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Table 1. Primer details.

primer concentrations

(pmol)
amplicon haplotype
haplotype locus primer direction primer sequence length (bp)  specific control
f class I-al  sense GTCTCAGATCGAGCCTTTGG 106 16.5 3.5
antisense TTGCAGGTTCATCTCTACCAGT 16.5
g class -l  sense GTCTCAGATCGAGCCTTTGG 178 12.5 1.0
antisense GCTCTGATCCCTTGGCAAT 20.0
N class -l  sense GTCTCAGATCGAACCTTTGG 178 15.0 0.8
antisense CCTCTTCTCCTTTCGCTTT 30.0
r class -l  sense AGATAGAGCATTTGGGCTGC 134 21.2 2.5
antisense ATTCAGGTCCTGCTTTGTCC 21.2
control class I-a3  sense TCACCCTCATGTAAGAATTTCAGA 236 n.a. n.a.
antisense GCTCCACATGACAGGCATAA n.a.

types [39]. However, frog tadpoles discriminate even
among their siblings, specifically associating with others
with which they share MHC haplotypes in preference to
those that bear different haplotypes [11]. In Xenopus
laevis, a model organism for studying vertebrate immu-
nology [40], we tested whether social discrimination
varies proportionally to quantifiable signal differences as
determined by amino acid sequence similarity in the
MHC-PBR. If recognition is based on assessment of
PBR sequence differences, we expected that association
preferences would become stronger as sequence diver-
gence increased between subjects and each of two
simultaneously presented stimulus groups.

2. MATERIAL AND METHODS

(a) Subjects

We bred X. laevis from stock with known sequences for
MHC class I and class II alleles. The haplotypes of lin-
ked MHC class I and II loci are defined as f, g, j and r
(GenBank: class Ia accession numbers AF185579,
AF185580, AF185582 and AF185586; class II accession
numbers AF454374—AF454382) [41,42]. These strains origi-
nated from the Basel Institute for Immunology and had been
bred for several generations in our laboratory.

We crossed pairs of MHC-heterozygous frogs that shared
haplotypes (17 x 1, rg X rg, fg X fg and fr X fr), thereby pro-
ducing clutches consisting of mixtures of homozygous and
heterozygous full siblings (e.g. the 7 x 17 cross produced rr,
17 and jj progeny). We reared tadpoles with their siblings in
groups of 200 within 40 1 tanks for two to three weeks and
fed them by maintaining a suspension of finely ground
nettle. We determined the MHC haplotypes of all stimulus
and subject tadpoles by the polymerase chain reaction
(PCR) using sequence-specific primers [11] from tail tip
tissue before behavioural tests. After taking tail clips, we iso-
lated tadpoles in 11 polypropylene cups for one to four
weeks, during which time tadpoles’ tails fully regenerated,
and we then tested them. At the time of testing, tadpoles’
toes had not yet begun to differentiate (stage 54) [43].

(b) Sequence-specific priming PCR major
histocompatibility complex genotyping

We extracted genomic DNA from tail tips using PrepMan
Ultra sample preparation reagent (Applied Biosystems,
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Foster City, CA, USA). We MHC-typed tadpoles by PCR
using sequence-specific primers for each of the four haplo-
types (f, g, 7 and r; table 1), including a positive control
that amplifies a conserved region of the MHC in each reac-
tion to prevent failed reactions from being scored as negative.

Sequences were amplified on 96-well PCR plates (Axygen
Scientific, PCR-96-C) in 12.5 wl PCRs, each containing 30—
80 ng of template DNA, PCR buffer (63.6 mM KCI,
127.2 mM Tris—HCI (pH 8.3), 1.9 mM MgCl,), 180 pM
dANTP (Invitrogen) and 0.2 unit 7ag polymerase (Roche
Diagnostics). Primer concentrations varied depending on
the haplotype being assessed (table 1). The conditions for
touchdown PCR in a thermocycler (Mastercycler Gradient;
Eppendorf, Hamburg, Germany) were as follows: denatura-
tion for 90 s at 94°C, followed by five cycles of denaturation
for 30 s at 94°C, annealing for 45s at 70°C and primer
extension for 30 s at 72°C, followed by 20 cycles of denatura-
tion for 30 s at 94°C, annealing for 50 s at 65°C and primer
extension for 45 s at 72°C, followed by five cycles of dena-
turation for 30 s at 94°C, annealing for 1 min at 56°C and
primer extension for 2 min at 72°C. We electrophoresed
PCR products next to known positives and negatives for
40 min at 70 V in horizontal 2 per cent agarose gels. Gels
were visualized by ethidium bromide fluorescence.

(¢) Association preference tests

We simultaneously exposed subjects to two stimulus groups
of 10 of their size- and stage-matched siblings on either
side of a testing apparatus, separated by mesh net enclosures.
Subjects shared different numbers (0, 1 or 2) of MHC hap-
lotypes with each of the stimulus groups. We measured times
spent by subjects associating with each of the groups.

Tests were conducted in polypropylene tanks (210 X
140 x 45 mm), with removable grey PVC-coated fibreglass
(0.028 cm diameter) mesh (7.1 x 5.5 threads cm™!) nets
(43 x 140 x 45 mm) at each end, filled with 1.2 1 of filtered
deep-aquifer water at 21°C. A line drawn along the centre of
each tank demarcated the two halves of the test arena
(124 x 140 x 45 mm). Lighting was diffuse, achieved by
reflecting two 100 W incandescent lamps off the ceiling of
the test room.

We introduced test subjects by perforated spoon (to limit
water transfer) into the centre of the apparatus. We allowed
tadpoles to acclimate for 5 min and then tested them for
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40 min. To eliminate any side bias, we tested each subject
twice, reversing the stimulus groups after a water change. Con-
sequently, each tadpole was tested for a total of 80 min.
Tadpole association tests were recorded using a CCTV
camera (Panasonic WV-BP330/G) with an adjustable focal
lens (Panasonic WV-LZF61/2) positioned 1 m above the test-
ing apparatus and a time-lapse (one-fifth speed) VHS recorder
(Panasonic AG-TL350). We tracked movements of subjects
from videotape using ETHOVIsioN v. 3.0 (Noldus Information
Technology, Wageningen, The Netherlands). Time periods
spent on either side of the centre line were computed for
each subject.

We tested all possible association preferences among
siblings: whether (i) MHC-homozygous subjects preferred
their siblings with which they shared both MHC haplotypes
to those with which they shared no MHC haplotypes
(2 versus 0, n=262); (i) MHC-homozygous subjects pre-
ferred siblings sharing both MHC haplotypes to those with
which they shared only one MHC haplotype (2 versus 1, n =
187); and (iii) MHC-homozygous subjects preferred siblings
with which they shared only one MHC haplotype to those
with which they shared no MHC haplotypes (1 versus 0, 7 =
199). We also tested MHC-heterozygous subjects to deter-
mine whether they discriminated between siblings with
which they shared one or both MHC haplotypes (heterozy-
gotes, n = 206). Sample sizes varied among genotypes within
families dependent on the availability of genotyped progeny
of appropriate developmental stage (table 2). The behavioural
data on which analyses were based have been deposited in the
Dryad data repository (doi:10.5061/dryad.2204v).

For each choice test type, we evaluated the overall effect of
MHC similarity on subjects’ association preferences by
nested analysis of variance using type III sums of squares
[44]. To distinguish between association preferences of the
haplotypes within families while maintaining statistical inde-
pendence, we compared alternate subjects of each haplotype
for the time spent associating with siblings sharing more
MHC haplotypes with that spent associating with siblings
sharing fewer MHC haplotypes. The effects of MHC simi-
larity, genotype nested within MHC similarity, and family
nested within genotype and MHC similarity were included
as factors in each analysis. Data met assumptions of normal-
ity. Analyses were conducted with JMP v. 8.0.2 (SAS
Institute, 2009). All statistical inferences were drawn on
two-tailed distributions with a = 0.05.

For each choice test, in each of the four families, we cal-
culated the percentage of amino acids shared at the MHC
class I (el and a2 domain exons) and MHC class II PBRs
(al and a2 domain exons of the DAA and DBA loci)
between test subjects and each of the two stimulus groups
from published sequences [41,42]. We then calculated the
‘stimulus differential’ between the subject and the two stimu-
lus groups by subtracting the per cent amino acid similarity
of the less MHC-similar stimulus group from that of the
more MHC-similar stimulus group. The stimulus differential
is a function of the type of choice test (1 versus 0; 2 versus 1;
and 2 versus 0 shared haplotypes, heterozygotes) and of the
sequence differences between the haplotypes.

We correlated subjects’ time preference for the more
MHC-similar stimulus group with the corresponding stimu-
lus differential scores, computed separately for MHC class I
and II PBR amino acid sequences. We did not include the
MHC class II DCA locus in the analysis as it has only
been partially sequenced for the f haplotype and is

Proc. R. Soc. B

Table 2. Tadpole association preferences by subject group.

number of subject stimulus
shared MHC parental MHC
haplotypes type Cross types n
2 versus 0 Vi fexfg ffversus gg = 37
Vi frx fr ffversus rr 41
g8 fe X fg ggversus ff 41
gg rg X rg gg versus rr 31
i X1y pversus rr 16
rr X1y rrversusjj 19
rr rg X rg rrversus gg 41
rr frx fr ffversus rr 36
2 versus 1 Vi fex fg ffversus fg 23
Vi frx fr ffversus fr 40
&8 Jg % fg gg versus fg 23
gg rg X rg gg versus gr 30
i X 1y Jj versus jr 10
rr X1 rr versus jr 9
rr rg X rg rrversus gr 25
rr frx fr rrversus fr 27
1 versus 0 Vi fe X fg feversus gg 20
¥ frx fr frversus rr 40
&8 fe X fg fgversus ff 29
gg rg X rg grversus rr 34
Vi X1 Jrversus rr 16
rr X1 Jr versus jj 8
rr rg X 1g grversus gg 20
rr frx fr frversus ff 32
heterozygotes fe fex fg feversus ff 26
fe fex fg fg versus gg 25
rg rg X rg rg versus rr 26
rg rg X rg rg versus gg 23
9l X1y 77 versus jj 19
7y X1 rj versus rr 28
fr frxfr frversus ff 31
fr frx fr frversus rr 28

expressed in very low amounts, if at all [42]. Spearman’s
rank correlations were conducted with JMP v. 8.0.2.

3. RESULTS

Tadpoles associated preferentially with the stimulus group
with which they shared more MHC haplotypes. The mag-
nitude of the preference increased in direct proportion to
the stimulus differential score computed for each test
(four sibships, n = 854; figure 1). We obtained similar
results when considering MHC class 1 (rg=0.14,
p<0.0001) and class II (rg=0.14, p <0.0001) PBR
amino acid sequences. Subjects showed stronger preferences
for their own haplotype when given a choice between sibling
groups with more divergent PBR sequences.

Analysis of association preferences by PBR sequence
divergence reveals fine-grained recognition abilities that
do not emerge as clearly from haplotype analyses. Tad-
poles preferred siblings with which they shared both
MHC haplotypes to those with which they shared one
(2 versus 15 Fy 17; = 5.39, p=0.021) or no (2 versus 0;
Fy 546 =21.39, p < 0.001) MHC haplotypes (figure 2).
However, we found no significant preferences for siblings
with which subjects shared only one MHC haplotype to
those with which they shared none (1 versus 05 F} 153 =
0.25, p = 0.62). MHC heterozygotes also showed no pre-
ference between stimulus groups that bore different
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Figure 1. Association preference of subjects for the more
immunogenetically similar stimulus group as a function of
the MHC ‘stimulus differential’ between the two stimulus
groups based on MHC class I (circles) and MHC class II
PBR (squares) amino acid sequence similarity. The stimulus
differential between each subject and the two stimulus
groups was determined by subtracting the per cent amino
acid similarity of the less MHC-similar stimulus group from
that of the more MHC-similar stimulus group. Means +
s.e.m. are shown.

combinations of shared MHC haplotypes (Iy,;90 = 0.46,
p =0.50). See table 3 for full ANOVA results.

4. DISCUSSION

Xenopus laevis tadpoles socially discriminate among their
siblings based on quantitative assessment of their MHC—
PBR amino acid sequence differences. While subjects’ dis-
crimination among siblings varied by numbers of shared
MHC haplotypes, overall MHC-assortative preferences,
spanning all haplotypes, correlated more closely with func-
tional sequence differences in the PBR of MHC molecules.
Analyses of PBR sequence differences thus are more robust
than haplotype analyses in explaining the behavioural dis-
crimination that we observed. Rather than recognizing on
the basis of shared MHC alleles, our results suggest that
tadpoles assess differential ‘M HC-signal’ strength, deter-
mined by the PBR amino acid sequences encoded by
MHC alleles.

Thus, even when they share equal proportions of other
genes identical by descent, X. laevis tadpoles discriminate
among siblings by effectively comparing functional prop-
erties of their own MHC-PBR with those of others.
Association preferences correspond to individuals’ allelic
similarity, specifically in MHC class I and class II loci,
dependent on shared ligand anchor residues (PBR
amino acids) encoded by these genes. These results pro-
vide the strongest evidence yet that factors associated
with the binding specificity of the peptide-binding
groove of MHC molecules can elicit kin recognition. By
testing only siblings, our experimental design controlled
for recognition possibly based on products of other genes.

Differences in MHC-ligand binding efficiency can influ-
ence markers used in MHC-type recognition either by
restricting different excreted peptide sequences [27,45] or
by selecting the microbial biota associated with individuals
[46—-48]. The peptide-binding groove of MHC molecules
generates a pool of 9-mer peptides cleaved from longer
protein sequences. These 9-mers are individually
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Figure 2. Mean MHC-similarity preferences of MHC-homo-
zygous subjects (four genotypes: ff, gg, /7 and rr) among
stimulus groups with different numbers of shared MHC hap-
lotypes (2 versus O shared haplotypes; 2 versus 1 shared
haplotypes; 1 versus O shared haplotypes). (a) Subjects
spent more time associating with siblings sharing both
MHC haplotypes than with siblings sharing no MHC haplo-
types (2 versus 0). (b) Subjects spent more time associating
with siblings sharing both MHC haplotypes than with sib-
lings sharing only one MHC haplotype (2 versus 1).
(¢) Subjects did not differ in time associating with siblings shar-
ing one or no MHC haplotypes (1 versus 0). Means + s.e.m.
are shown. *p < 0.05, **p < 0.001 (two-tailed).

distinctive [49] and may serve as markers of overall genetic
relatedness. While further work is required to determine
the mechanism by which MHC ligand peptides stimulate
larval olfactory mucosa, our findings suggest that these
small 9-mer subunits carry sufficient information for
social discrimination of kin.

The MHC-PBR determined pool of peptides that serve
as ligands for MHC molecules [20,49] contributes to indi-
vidual odour profiles [50] that have been implicated in
individual preferences of mice [27—29] and fish [45]. Preg-
nant mice are more likely to undergo pregnancy block if
exposed to synthesized 9-mers based on disparate rather
than familiar MHC class I peptide ligands [27]. Similarly,
mate choice decisions of female sticklebacks can be predic-
tably modified by adding different combinations of
synthetic 9-mer peptides [45]. Sticklebacks discriminate
cues of potential mates based on their diversity of MHC
alleles across multiple MHC class II loci [51,52].

Unlike class II molecules, class I molecules have not
been detected in X. laevis tadpoles at the developmental
stages that we examined [53]. Nonetheless, because
MHC class I mRNA transcripts have been detected in
organs whose epithelial surfaces are in contact with the
environment, such as lungs, gills and intestines [54], the
class I locus is as likely as the class II loci to be involved
in MHC-type discrimination. As MHC class I transcripts
in tadpoles are limited mainly to tissues in contact with
the external environment, excreted MHC peptides may
be sufficient for the transmission of MHC-specific signals
in an aqueous environment.

Our results demonstrate that behavioural responses can
be elicited by quantitative evaluation of MHC-PBR amino
acid sequence differences. Certainly, many types of cues
aside from those related to the MHC influence social pre-
ferences [9,32,39] but discrimination based on those cues
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Table 3. Analysis of variance for association preference tests.

source d.f. MS F P

2 versus 0 shared haplotypes
MHC similarity 1 7003243 21.39 <0.001
genotype (MHC similarity) 6 229 638 0.70 0.65
sibship (genotype (MHC similarity)) 8 23550 0.072 1.00
residual error 246 327 341 — —

2 versus 1 shared haplotypes
MHC similarity 1 1275406 5.39 0.021
genotype(MHC similarity) 6 197578 0.84 0.54
sibship (genotype (MHC similarity)) 8 98590 0.42 0.91
residual error 171 236 600 — —

1 versus 0 shared haplotypes
MHC similarity 1 42438 0.25 0.62
genotype (MHC similarity) 6 285413 1.65 0.14
sibship (genotype (MHC similarity)) 8 76975 0.44 0.89
residual error 183 173011 — —

heterozygotes
MHC similarity 1 145 364 0.46 0.50
genotype (MHC similarity) 6 28267 0.090 1.00
sibship (genotype (MHC similarity)) 8 412578 1.31 0.24
residual error 190 315142 — —

was not possible in this study. However, this study points to
the possibility that MHC molecules also may facilitate rec-
ognition of genome-wide sequence differences that
contribute to the composition of individuals’ MHC-
restricted peptide ligands.

That the same genetic sequence polymorphisms deter-
mine self/non-self recognition and social compatibility
suggests a shared functional framework driving the evol-
ution of MHC diversity [55,56]. Fine-scale quantitative
assessment of MHC-similarity may permit the recog-
nition not only of closely related individuals [33], but
also of possible disease risks associated with immunoge-
netic compatibility [17,18]. Analyses based on fine-scale
divergence in functionally expressed sequences can
reveal genetic effects on important biological traits that
simple examination of genotypes may fail to discern.

All protocols involving animals were approved by the Animal
Ethics Committees of Lincoln University, Seoul National
University and the University of Canterbury.

We thank Seth Barribeau, Jim Briskie, Louis Du Pasquier,
Martin Flajnik, Neil Gemmell, Marie Hale, Philip
Stoddard and Joan Strassmann for their comments on the
manuscript; Louis Du Pasquier and Martin Flajnik for
supplying us with the X. laevis frog lines used; Kelly Lock
and Sandra Negro for their help in processing tissue
samples for genotyping tadpoles; and Noldus Information
Technology for providing ETHOVIsION. The research was
supported by grants (to B.W.) from the Marsden Fund
(Royal Society of New Zealand) and the National Research
Foundation of Korea (NRF), which is funded by the
government of the Republic of Korea (MEST).

REFERENCES
1 Buss, L. W. 1987 The evolution of individuality. Princeton,
NJ: Princeton University Press.
2 Waldman, B. 1987 Mechanisms of kin recognition.
¥ Theor. Biol. 128, 159-185. (d0i:10.1016/S0022-5193
(87)80167-4)

Proc. R. Soc. B

10

11

12

13

14

Grafen, A. 1990 Do animals really recognize kin? Anim.
Behav. 39, 42—-54. (doi:10.1016/S0003-3472(05)80724-9)
Hamilton, W. D. 1964 The genetical evolution of social
behaviour. 1. ¥ Theor. Biol. 7, 1-16. (doi:10.1016/
0022-5193(64)90038-4)

Greenberg, L. 1979 Genetic component of bee odor in
kin recognition. Science 206, 1095-1097. (doi:10.1126/
science.206.4422.1095)

Yamazaki, K., Boyse, E. A., Miké, V., Thaler, H. T,
Mathieson, B. J., Abbott, J., Boyse, J., Zayas, Z. A. &
Thomas, L. 1976 Control of mating preferences in mice
by genes in the major histocompatibility complex. ¥ Exp.
Med. 144, 1324—-1335. (doi:10.1084/jem.144.5.1324)
Keller, L. & Ross, K. G. 1998 Selfish genes: a green
beard in the fire ant. Natwure 394, 573-575. (doi:10.
1038/29064)

Queller, D. C., Ponte, E., Bozzaro, S. & Strassmann, J. E.
2003 Single-gene greenbeard effects in the social amoeba
Dictyostelium discoideum. Science 299, 105—-106. (doi:10.
1126/science.1077742)

Sherborne, A. L., Thom, M. D., Paterson, S., Jury, F.,
Ollier, W. E. R., Stockley, P.,, Beynon, R. J. & Hurst,
J. L. 2007 The genetic basis of inbreeding avoidance in
house mice. Curr. Biol. 17, 2061-2066. (do0i:10.1016/j.
cub.2007.10.041)

Smukalla, S. er al. 2008 FLO1 is a variable green beard gene
that drives biofilm-like cooperation in budding yeast. Cell
135, 726—737. (doi:10.1016/j.cell.2008.09.037)

Villinger, J. & Waldman, B. 2008 Self-referent MHC
type matching in frog tadpoles. Proc. R. Soc. B 275,
1225-1230. (d0i:10.1098/rspb.2008.0022)

Waldman, B., Rice, J. E. & Honeycutt, R. L. 1992 Kin
recognition and incest avoidance in toads. Am. Zool. 32,
18-30. (d0i:10.1093/icb/32.1.18)

Hedrick, P. W. 2002 Pathogen resistance and genetic vari-
ation at MHC loci. Evolution 56, 1902—1908. (doi:10.
1111/5.0014-3820.2002.tb00116.x)

Lohm, J., Grahn, M., Langefors, A., Andersen, O.,
Storset, A. & von Schantz, T. 2002 Experimental evidence
for major histocompatibility complex-allele-specific resist-
ance to a bacterial infection. Proc. R. Soc. Lond. B 269,
2029-2033. (d0i:10.1098/rspb.2002.2114)


http://dx.doi.org/10.1016/S0022-5193(87)80167-4
http://dx.doi.org/10.1016/S0022-5193(87)80167-4
http://dx.doi.org/10.1016/S0003-3472(05)80724-9
http://dx.doi.org/10.1016/0022-5193(64)90038-4
http://dx.doi.org/10.1016/0022-5193(64)90038-4
http://dx.doi.org/10.1126/science.206.4422.1095
http://dx.doi.org/10.1126/science.206.4422.1095
http://dx.doi.org/10.1084/jem.144.5.1324
http://dx.doi.org/10.1038/29064
http://dx.doi.org/10.1038/29064
http://dx.doi.org/10.1126/science.1077742
http://dx.doi.org/10.1126/science.1077742
http://dx.doi.org/10.1016/j.cub.2007.10.041
http://dx.doi.org/10.1016/j.cub.2007.10.041
http://dx.doi.org/10.1016/j.cell.2008.09.037
http://dx.doi.org/10.1098/rspb.2008.0022
http://dx.doi.org/10.1093/icb/32.1.18
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00116.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00116.x
http://dx.doi.org/10.1098/rspb.2002.2114
http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on September 5, 2012

6 ]. Villinger and B. Waldman Quantitative immunogenetic recognition

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Gantress, J., Maniero, G. D., Cohen, N. & Robert, J. 2003
Development and characterization of a model system to
study amphibian immune responses to iridoviruses. Virology
311, 254-262. (doi:10.1016/S0042-6822(03)00151-X)
McClelland, E. E., Penn, D. J. & Potts, W. K. 2003
Major histocompatibility complex heterozygote superior-
ity during coinfection. Infect. Immun. 71, 2079-2086.
(doi:10.1128/TAI.71.4.2079-2086.2003)

Barribeau, S. M., Villinger, J. & Waldman, B. 2008
Major histocompatibility complex based resistance to a
common bacterial pathogen of amphibians. PLoS ONE
3, €2692. (doi:10.1371/journal.pone.0002692)
Barribeau, S. M., Villinger, J. & Waldman, B. 2012 Eco-
logical immunogenetics of life-history traits in a model
amphibian. Biol. Lett. 8, 405-407. (doi:10.1098/rsbl.
2011.0845)

Evans, M. L. & Neff, B. D. 2009 Major histocompatibil-
ity complex heterozygote advantage and widespread
bacterial infections in populations of Chinook salmon
(Oncorhynchus tshawytscha). Mol. Ecol. 18, 4716—4729.
(doi:10.1111/.1365-294X.2009.04374.x)

Rammensee, H.-G., Bachmann, J., Emmerich, N. P. N.,
Bachor, O. A. & Stevanovi¢, S. 1999 SYFPEITHI:
database for MHC ligands and peptide motifs. Immunoge-
netics 50, 213-219. (do0i:10.1007/s002510050595)
Carroll, L. S., Penn, D. J. & Potts, W. K. 2002 Discri-
mination of MHC-derived odors by untrained mice is
consistent with divergence in peptide-binding region resi-
dues. Proc. Natl Acad. Sci. USA 99, 2187-2192. (doi:10.
1073/pnas.042244899)

Juola, F. A. & Dearborn, D. C. 2012 Sequence-based
evidence for major histocompatibility complex-
disassortative mating in a colonial seabird. Proc. R. Soc.
B 279, 153-162. (d0i:10.1098/rspb.2011.0562)
Landry, C., Garant, D., Duchesne, P. & Bernatchez, L.
2001 ‘Good genes as heterozygosity’: the major histo-
compatibility complex and mate choice in Atlantic
salmon (Salmo salar). Proc. R. Soc. Lond. B 268,
1279-1285. (doi:10.1098/rspb.2001.1659)

Forsberg, L. A., Dannewitz, J., Petersson, E. & Grahn,
M. 2007 Influence of genetic dissimilarity in the repro-
ductive success and mate choice of brown trout-females
fishing for optimal MHC dissimilarity. ¥ Ewvol. Biol. 20,
1859-1869. (doi:10.1111/j.1420-9101.2007.01380.x)
Agbali, M., Reichard, M., Bryjova, A., Bryja, J. & Smith,
C. 2010 Mate choice for nonadditive genetic benefits
correlate with MHC dissimilarity in the rose bitterling
(Rhodeus ocellatus). Evolution 64, 1683—-1696. (doi:10.
1111/j.1558-5646.2010.00961.x)

Garner, S. R., Bortoluzzi, R., Heath, D. D. & Neff, B. D.
2010 Sexual conflict inhibits female mate choice for
major histocompatibility complex dissimilarity in Chi-
nook salmon. Proc. R. Soc. B 277, 885-894. (doi:10.
1098/rspb.2009.1639)

Leinders-Zufall, T. et al. 2004 MHC class I peptides as
chemosensory signals in the vomeronasal organ. Science
306, 1033—-1037. (doi:10.1126/science.1102818)
Thompson, R. N., McMillon, R., Napier, A. & Wekesa,
K. S. 2007 Pregnancy block by MHC class I peptides
is mediated via the production of inositol 1,4,5-trispho-
sphate in the mouse vomeronasal organ. ¥ Exp. Biol.
210, 1406—1412. (d0i:10.1242/jeb.02753)

Spehr, M., Kelliher, K. R., Li, X.-H., Boehm, T., Leinders-
Zufall, T. & Zufall, F. 2006 Essential role of the main olfac-
tory system in social recognition of major histocompatibility
complex peptide ligands. ¥ Neurosci. 26, 1961-1970.
(doi:10.1523/]NEUROSCI.4939-05.2006)

Gardner, A. & West, S. A. 2007 Social evolution: the
decline and fall of genetic kin recognition. Curr. Biol.
17, R810-R812. (doi:10.1016/j.cub.2007.07.030)

Proc. R. Soc. B

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Rousset, F. & Roze, D. 2007 Constraints on the origin and
maintenance of genetic kin recognition. Evolution 61,
2320-2330. (doi:10.1111/j.1558-5646.2007.00191.x)
Paterson, S. & Hurst, J. L. 2009 How effective is recognition
of siblings on the basis of genotype? ¥ Evol. Biol. 22, 1875—
1881. (d0i:10.1111/.1420-9101.2009.01796.x)

Hurst, J. L. & Beynon, R. J. 2010 Making progress in
genetic kin recognition among vertebrates. ¥ Biol 9,
13. (doi:10.1186/jbiol221)

Crozier, R. H. 1986 Genetic clonal recognition abilities
in marine invertebrates must be maintained by selection
for something else. Evolution 40, 1100—1101. (doi:10.
2307/2408769)

Roopenian, D., Choi, E. Y. & Brown, A. 2002 The
immunogenomics of minor histocompatibility antigens.
Immunol. Rev. 190, 86—94. (doi:10.1034/j.1600-065X.
2002.19007.x)

Waldman, B. & Adler, K. 1979 Toad tadpoles associate
preferentially with siblings. Natwure 282, 611-613.
(doi:10.1038/282611a0)

Blaustein, A. R. & O’Hara, R. K. 1981 Genetic control
for sibling recognition? Nazure 290, 246-248. (doi:10.
1038/290246a0)

Cornell, T. J., Berven, K. A. & Gamboa, G. J. 1989 Kin
recognition by tadpoles and froglets of the wood frog
Rana sylvatica. Oecologia 78, 312-316. (do0i:10.1007/
BF00379103)

Waldman, B. 2005 Kin recognition in amphibians. In Kin
recognition (ed. P. G. Hepper), pp. 162—219. Cambridge,
UK: Cambridge University Press.

Robert, J. & Cohen, N. 2011 The genus Xenopus as a
multispecies model for evolutionary and comparative
immunobiology of the 21st century. Dev. Comp. Immunol.
35, 916-923. (doi:10.1016/j.dci.2011.01.014)

Flajnik, M. F., Ohta, Y., Greenberg, A. S., Salter-Cid, L.,
Carrizosa, A., Du Pasquier, L. & Kasahara, M. 1999
Two ancient allelic lineages at the single classical class I
locus in the Xenopus MHC. ¥ Immunol. 163, 3826—-3833.
Liu, Y., Kasahara, M., Rumfelt, L. L. & Flajnik, M. F.
2002 Xenopus class 11 A genes: studies of genetics, poly-
morphism, and expression. Dev. Comp. Immunol 26,
735-750. (d0i:10.1016/S0145-305X(02)00034-4)
Nieuwkoop, P. D. & Faber, J. 1956 Normal table of Xeno-
pus laevis (Daudin). Amsterdam, The Netherlands:
North-Holland.

Hill, T. & Lewicki, P. 2006 Statistics: methods and appli-
cations. Tulsa, OK: StatSoft.

Milinski, M., Griffiths, S., Wegner, K. M., Reusch,
T. B. H., Haas-Assenbaum, A. & Boehm, T. 2005 Mate
choice decisions of stickleback females predictably modi-
fied by MHC peptide ligands. Proc. Natl Acad. Sci. USA
102, 4414-4418. (do0i:10.1073/pnas.0408264102)
Howard, J. C. 1977 H-2 and mating preferences. Nature
266, 406—408. (doi:10.1038/2664062a0)

Lanyon, C. V., Rushton, S. P, O’Donnell, A. G.,
Goodfellow, M., Ward, A. C., Petrie, M., Jensen, S. P,
Gosling, L. M. & Penn, D. J. 2006 Murine scent mark
microbial communities are genetically determined.
FEMS Microbiol. Ecol. 59, 576-583. (doi:10.1111/.
1574-6941.2006.00252.x)

Zomer, S. et al. 2009 Consensus multivariate methods in
gas chromatography mass spectrometry and denaturing
gradient gel electrophoresis: MHC-congenic and other
strains of mice can be classified according to the profiles
of volatiles and microflora in their scent-marks. Analyst
134, 114—-123. (d0i:10.1039/B807061])

Burroughs, N. J., de Boer, R. J. & Kesmir, C. 2004 Dis-
criminating self from nonself with short peptides from
large proteomes. Immunogenetics 56, 311-319. (doi:10.
1007/s00251-004-0691-0)


http://dx.doi.org/10.1016/S0042-6822(03)00151-X
http://dx.doi.org/10.1128/IAI.71.4.2079-2086.2003
http://dx.doi.org/10.1371/journal.pone.0002692
http://dx.doi.org/10.1098/rsbl.2011.0845
http://dx.doi.org/10.1098/rsbl.2011.0845
http://dx.doi.org/10.1111/j.1365-294X.2009.04374.x
http://dx.doi.org/10.1007/s002510050595
http://dx.doi.org/10.1073/pnas.042244899
http://dx.doi.org/10.1073/pnas.042244899
http://dx.doi.org/10.1098/rspb.2011.0562
http://dx.doi.org/10.1098/rspb.2001.1659
http://dx.doi.org/10.1111/j.1420-9101.2007.01380.x
http://dx.doi.org/10.1111/j.1558-5646.2010.00961.x
http://dx.doi.org/10.1111/j.1558-5646.2010.00961.x
http://dx.doi.org/10.1098/rspb.2009.1639
http://dx.doi.org/10.1098/rspb.2009.1639
http://dx.doi.org/10.1126/science.1102818
http://dx.doi.org/10.1242/jeb.02753
http://dx.doi.org/10.1523/JNEUROSCI.4939-05.2006
http://dx.doi.org/10.1016/j.cub.2007.07.030
http://dx.doi.org/10.1111/j.1558-5646.2007.00191.x
http://dx.doi.org/10.1111/j.1420-9101.2009.01796.x
http://dx.doi.org/10.1186/jbiol221
http://dx.doi.org/10.2307/2408769
http://dx.doi.org/10.2307/2408769
http://dx.doi.org/10.1034/j.1600-065X.2002.19007.x
http://dx.doi.org/10.1034/j.1600-065X.2002.19007.x
http://dx.doi.org/10.1038/282611a0
http://dx.doi.org/10.1038/290246a0
http://dx.doi.org/10.1038/290246a0
http://dx.doi.org/10.1007/BF00379103
http://dx.doi.org/10.1007/BF00379103
http://dx.doi.org/10.1016/j.dci.2011.01.014
http://dx.doi.org/10.1016/S0145-305X(02)00034-4
http://dx.doi.org/10.1073/pnas.0408264102
http://dx.doi.org/10.1038/266406a0
http://dx.doi.org/10.1111/j.1574-6941.2006.00252.x
http://dx.doi.org/10.1111/j.1574-6941.2006.00252.x
http://dx.doi.org/10.1039/B807061J
http://dx.doi.org/10.1007/s00251-004-0691-0
http://dx.doi.org/10.1007/s00251-004-0691-0
http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on September 5, 2012

Quanttative immunogenetic recognition J. Villinger and B. Waldman 7

50

51

52

Boehm, T. & Zufall, F. 2006 MHC peptides and the
sensory evaluation of genotype. Tiends Neurosci. 29,
100-107. (d0i:10.1016/j.tins.2005.11.006)

Reusch, T. B. H., Hiberli, M. A., Aeschlimann, P. B. &
Milinski, M. 2001 Female sticklebacks count alleles
in a strategy of sexual selection explaining MHC
polymorphism. Nature 414, 300-302. (doi:10.1038/
35104547)

Eizaguirre, C., Yeates, S. E., Lenz, T. L., Kalbe, M. &
Milinski, M. 2009 MHC-based mate choice combines
good genes and maintenance of MHC polymorphism.
Mol. Ecol. 18, 3316—3329. (doi:10.1111/j.1365-294X.
2009.04243.x)

Proc. R. Soc. B

53

54

55

56

Du Pasquier, L., Schwager, J. & Flajnik, M. F. 1989
The immune system of Xenopus. Annu. Rev. Immunol. 7,
251-275. (doi:10.1146/annurev.iy.07.040189.001343)
Salter-Cid, L., Nonaka, M. & Flajnik, M. F. 1998
Expression of MHC class Ia and class Ib during onto-
geny: high expression in epithelia and coregulation of
class Ia and lmp7 genes. ¥ Immunol. 160, 2853—2861.
Boehm, T. 2006 Quality control in self/nonself discrimi-
nation. Cell 125, 845—858. (d0i:10.1016/.cell.2006.05.017)
Ruff, J. S., Nelson, A. C., Kubinak, J. L. & Potts, W. K.
2012 MHC signaling during social communication. In
Self and nonself (ed. C. Lopez-Larrea), pp. 290-313.
Austin, TX: Landes Bioscience/Springer.


http://dx.doi.org/10.1016/j.tins.2005.11.006
http://dx.doi.org/10.1038/35104547
http://dx.doi.org/10.1038/35104547
http://dx.doi.org/10.1111/j.1365-294X.2009.04243.x
http://dx.doi.org/10.1111/j.1365-294X.2009.04243.x
http://dx.doi.org/10.1146/annurev.iy.07.040189.001343
http://dx.doi.org/10.1016/j.cell.2006.05.017
http://rspb.royalsocietypublishing.org/

	Social discrimination by quantitative assessment of immunogenetic similarity
	Introduction
	Material and methods
	Subjects
	Sequence-specific priming PCR major histocompatibility complex genotyping
	Association preference tests

	Results
	Discussion
	All protocols involving animals were approved by the Animal Ethics Committees of Lincoln University, Seoul National University and the University of Canterbury.We thank Seth Barribeau, Jim Briskie, Louis Du Pasquier, Martin Flajnik, Neil Gemmell, Marie Hale, Philip Stoddard and Joan Strassmann for their comments on the manuscript; Louis Du Pasquier and Martin Flajnik for supplying us with the X. laevis frog lines used; Kelly Lock and Sandra Negro for their help in processing tissue samples for genotyping tadpoles; and Noldus Information Technology for providing EthoVision. The research was supported by grants (to B.W.) from the Marsden Fund (Royal Society of New Zealand) and the National Research Foundation of Korea (NRF), which is funded by the government of the Republic of Korea (MEST).
	References


